Abstract. Sustainable rangeland management will require successional strategies to deal with the expanding weed problem. These strategies must be consistent with the view that plant communities are dynamic and technology is used to enhance the natural processes and mechanisms that direct vegetation change. The goal is to shift the dynamics toward a desired plant community. A unified conceptual model is necessary to direct the development and application of successional weed management systems. We propose using a resource management model as a conceptual basis for successional weed management. This model is based on the primary causes of succession: site availability, differential species availability, and differential species performance. This model provides the mechanistic framework necessary for developing successional weed management systems and it is meant to enhance communication among rangeland weed managers and scientists.
INTRODUCTION
World agriculture is striving toward a future that provides nourishing food, protects those who work the land, helps stabilize the earth's climate, and safeguards our soil and water. Many rangeland managers and owners have focused weed management efforts on simply controlling weeds, with limited regard to the existing or resulting plant community. Because of environmental, ecological, and economical concerns, the appropriateness and effectiveness of rangeland weed management practices are being questioned. It has become clear that weed management decisions must consider these concerns. The development of future weed management practices must be based on our understanding of the biology and ecology of rangeland ecosystems (2, 8, 23, 24, 26). We believe weed management education should focus on providing land managers the principles and concepts on which to base their decisions, rather than just providing prescriptions for weed control.
Land use objectives must be developed before rangeland weed management plans can be designed. This implies that strictly killing weeds is an inadequate objective, especially for large-scale infestations. However, a generalized objective could be to develop a healthy plant community that is relatively weed-resistant, while meeting other land-use objectives, such as forage production, wildlife habitat development, or recreational land maintenance.
A healthy, weed-resistant plant community consists of a diverse group of species which occupy most of the niches. Diverse communities capture a large proportion of the resources in the system which preempts their use by weeds (34, 41, 42; Figure 1 ). Weed-resistant plant communities effectively use resources over time and space. These communities may include an early emerging species, such as the shallow-rooted Sandberg's bluegrass (Poa sandbergii Vasey), which uses the resources that are available in the upper soil profile early in the growing season and during periods of light precipitation (10). As the season progresses, species which initiate growth later, but continue growth later into the season are needed to use available soil resources from moderate soil depths. Finally, the diverse plant community may include a deep taprooted, very late maturing species, such as alfalfa (Medicago sativa L.) or big sagebrush (Artemisia tridentata Nutt.). These species are capable of extracting resources from deep in the soil profile and throughout much of the growing season.
Although little is known about the role of many species within the plant community, it has been proposed that maximum diversity provides for stability and resource capture over a wide range of unpredictable conditions (5). This is not to imply that diversity guarantees weed-resistance, or that some virtual monocultures would not resist weed invasions. Once the desired plant community has been determined, an ecologically-based weed management system may be developed.
Ecologically-based weed management requires that scientists and managers develop strategies that are based on our current understanding of succession (24) . Successional weed management recognizes that plant communities are dynamic and uses technology to enhance natural processes and mechanisms that regulate vegetation change. Ultimately, the goal is to direct weed infested communities on a trajectory toward more desirable plant communities (24, 35, 39, 40, 46). Development of sustainable rangeland weed management strategies is dependent on our understanding of the ecological principles that determine plant community structure and successional dynamics. The purpose of this publication is to present a conceptual, ecologically-based framework to aid in developing and implementing sustainable rangeland weed management.
CURRENT SUCCESSIONAL THEORY
Clementian ecology has dominated successional theory for most of the 20th century (6). Current successional theory may have begun with the work of MacArthur (25) who proposed a model for species change based upon their individual strategies. He suggested that r-strategists are rapid growing, short-lived, high seed producing species limited to disturbed sites (early secondary succession), whereas K-strategists were generally perennial, highly competitive, and low seed producing species. MacArthur (25) proposed that succession progresses from r-to Kstrategists. Later, Grime (14) It is possible that introducing seeds of desirable species in small amounts each fall or winter to mimic natural seeding may allow colonization by increasing the probability that seeds are available during favorable environmental conditions. Since weed seeds can be dispersed by livestock (51) and hay (53), using livestock to introduce seeds of desirable species in favorable patches may be feasible, and offer a low input method for controlling colonization. Conceivably, managers could add seeds of desirable species into hay during fall and winter feeding periods to be spread throughout a pasture. In addition, hoof action by livestock may create safe sites, enhancing seedling establishment.
Controlled colonization may include introduction of certain less desirable, but ephemeral species to facilitate establishment of desirable species by creating safe sites for germination and seedling survival. Introduction of early successional species may cause changes in soil properties Volume Resource availability to plants may be used to influence succession. In some cases, changes in plant communities are related to resource availability and the relative ability of species in the community to extract those resources. To quote Tilman (47), "Because each plant species is constrained to being a superior competitor for particular resource levels, the forces that determine resource levels are critically important in determining vegetation patterns." Thus, another potential successional management strategy would be to influence species performance via soil nutrient manipulation. McLendon and Redente (27) demonstrated that additions of nitrogen inhibited succession from annual to perennial species in a sagebrush steppe site in northwestern Colorado. They concluded that dominance by annuals during the early stages of secondary succession was related Climatic variation introduces a random element that can influence the short-term outcome.
The successional weed management model presented in this paper allows for integration of currently available tools. Unfortunately, with conceptual models of this type, there are seldom large comprehensive research projects that have tested all possible options for a particular plant community. Development of successional weed management plans will require use of existing research information, management experience, and monitoring of successes and failures to adjust future plans.
DISCUSSION
Rangeland managers are searching for useful models on which to base their decisions (3, 22, 38). A shift in paradigm from that of linear succession to state-and-transition models is occurring in much of the range management profession (52). However, as currently applied, most stateand-transition models are empirical and do not have predictive capability. Our proposed framework would provide a mechanistic explanation of weedy plant responses, and a means of developing testable hypotheses associated with weed management efforts. Observational information which lacks a mechanistic explanation is difficult to extrapolate beyond the observational conditions. On rangeland, this point is particularly important because succession often requires long time frames (decades in some cases). Lack of short-term response may tempt managers and scientists alike to abandon sound management systems.
Adopting the successional weed management model may help bridge the gap between the "art" and "science" of rangeland weed management. To a great extent, weed management is a planning process, whereas weed science is the body of theory on which weed managers base their planning (33) . The relationship between these complementary endeavors seems clear, but bridging the gap can be difficult. Often, reductionist research seems to lose sight of management, and land managers seem to lose sight of the relevance of theory. The proposed model may begin to provide the theoretical framework necessary for both weed managers and scientists to develop ecologically-based rangeland weed management. We feel that a unified conceptual framework will improve communication among scientists and managers. The framework may also prove useful in conflict resolution efforts associated with weed management.
Given the rapid spread of rangeland weeds during the past several decades, there seems to be a need for better integration and coordination of individuals and organizations involved in rangeland weed management. The framework we propose is based on currently accepted ecological principles, can accommodate information from a wide variety of sources, and can serve as a communication tool. We suggest that the concepts presented in this paper serve as a starting-point in the larger discussion of how to focus efforts on managing the expanding rangeland weed problem.
